Abstract: A Fe 61 Cr 2 Nb 3 Si 12 B 22 amorphous alloy rod sample of 8.8 mm diameter has been successfully prepared through explosive consolidation. The structure and thermal stability of the as-synthesized sample have been analyzed through X-ray diffraction (XRD) and differential scanning calorimeter (DSC) analysis. The results demonstrate that the sample still retains an amorphous structure, and the glass transition temperature (Tg), the crystallization onset temperature (Tx), the supercooled liquid zone (∆Tx) (Tx − Tg) and the reduced glass transition temperatures (Trg) (Tg/Tm) are 784 K, 812 K, 28 K, and 0.556, respectively. Its microstructure has been investigated by optical microscopy (OM) and scanning electron microscopy (SEM). The average microhardness of the alumina compact is about 1069 HV.
Introduction
Fe-based amorphous alloys, which are different from those of crystalline alloys for lack of long-range atomic order [1, 2] , have attracted increasing attention in recent years due to the high mechanical strength, strong corrosion resistance and good soft magnetic properties [3] [4] [5] [6] . On the other hand, Fe-based alloys have a lower amorphous-forming ability and require a very fast cooling rate during cooling [7, 8] . Usually, the cooling rate is required to be as high as 10 5 -10 6 K s −1 [9] . Most Fe-based amorphous alloy samples are filaments or ribbons of 15 µm in maximum thickness [7] . At present, although amorphous ribbons have been widely utilized in transformer cores or noise suppression sheets, it is difficult to obtain large-sized devices due to the preparation condition constraints of amorphous alloys [10, 11] . For this reason, Fe-based amorphous alloys are significantly limited in practical applications. Therefore, the preparation of a large-sized Fe-based bulk amorphous alloy has proven to be a quite significant research topic.
At present, the preparations of large-sized Fe-based bulk amorphous alloys are under study and a certain amount of progress has been made. Inoue 15 amorphous alloy rod of 5 mm diameter through copper mold casting technology [13] . Poon et al. utilized a copper mold to cast a Fe-Mn-Cr-Mo-(Y, Ln)-C-B (Ln = Lanthanides) amorphous alloy rod of 6-7 mm diameter [14] . In addition to copper mold casting that used the rapid cooling and solidification of alloy, there are other methods for the preparation of Fe-based amorphous alloys. Li et al. prepared Fe 66 Co 15 Mo 1 P 7.5 C 5.5 B 2 Si 3 amorphous alloy rods of 2 mm diameter, utilizing Co to replace a portion of Fe and to purify the impurities of the melt [15] . From the viewpoint of stability improvement of ultra-cold liquids and the ability to form metallic glasses, Yang et al. enhanced the amorphous formation ability of Fe-based amorphous alloys through the addition of Cu [7] . Zhang et al. prepared a (Fe, Co, Ni) 75 P 10 C 10 B 5 amorphous alloy rod of 1 mm maximum diameter through the addition of microelements [16] . Paul [17] . For the aforementioned amorphous alloy preparation methods, the common point was to improve the amorphous formation ability of the alloy through increasing the cooling rate, or through the addition of nonmetallic elements such as B, C, Si and P, along with other metal elements such as Co, Ni and Cu, and amorphous alloys were prepared by the direct cooling of the liquid alloys. Above these preparation methods, because the principle of the preparation methods used rapid cooling and solidification, as a result, atoms of alloys cannot be ordered and crystallized, and the amorphous alloy size is relatively limited.
The explosive consolidation method is to load the instantaneous detonation energy to metal or non-metal powders, so that the powders are sintered between the powder particles to form a dense bulk [18] . The transient loading, promoting the relative movement of the particles, is responsible for a rapid energy deposition in the particle surface due to friction. Such rapid energy deposition is much faster than the energy diffusion throughout the particle body, leading to a temperature increase at the particle surface and, eventually, to melting. The time required for the powders at normal temperature to reach the melting point temperature is only microseconds. Therefore, the temperature increase of the powders is limited to the surface, and the thickness of the melted layer is approximately 0.5 µm, which is still relatively thin to the diameter of the powder particles. The interior of the powder particles maintains a low temperature, which will induce a cooling quenching effect on the sintered interface formed among the powder particles [19] [20] [21] . Compared with conventional preparation methods of amorphous alloys, this method can not only prevent the crystallization of powder particles caused by the slow cooling rate, ensuring the excellent characteristics of the metastable amorphous alloy, but can also consolidate different compositions of powders without considering the interactions between powder particles [22] . Owing to these characteristics, explosive consolidation has been researched. Wang utilized explosive consolidation to prepare a dense, high-volume Al 2 O 3 rod with nanostructures [23] . Farinha et al. successfully synthesized two different sizes of stainless steel powders and produced crack-free blocks through explosive consolidation [24] . In this paper, based on the high strength of Fe-based amorphous alloys and the wide application prospect in functional materials, the investigation of explosive consolidation of amorphous powders is carried out to explore the explosive consolidation process of a large-sized Fe-based amorphous alloy.
Materials and Methods
Fe-based amorphous alloy powders supplied by Advanced Technology and Materials Co., Ltd. (Beijing, China) were prepared by mechanical crushing of amorphous ribbons. The mean size of powders observed by scanning electron microscopy (SEM; Hitachi S-4800, Tokyo, Japan) is 50 µm, as shown in Figure 1a The diagram of an experimental device for explosive consolidation is shown in Figure 2 . During the experiments, the Fe-based amorphous alloy powders (f) were packed in an end-sealed copper tube (e) of 9 mm inner diameter, 0.5 mm wall thickness and 120 mm length. The upper end of the copper tube was plug-sealed with a plug (d) of 15 mm length. Hydraulic compaction was also used to apply a certain pressure on the plug, in order to increase the initial density of the powders to 60% of theoretical density in the copper tube. An outer cylinder (b) of 80 mm diameter was placed on the steel baseplate (g). The copper tube with the powder was placed in the center of outer cylinder containing the emulsion explosive. The density of the emulsion explosive is about 0.9 g·cm −3 and the detonation velocity is about 3600 m·s −1 . Taking into account the influence of the unstabilized detonation section of the explosive on the quality of the powder in the copper tube, a 50-mm thick emulsion explosive was left between the detonator (a) and the upper end of the copper tube. The detonator was detonated and the detonation of the emulsion explosive caused a cylindrical compaction shock wave from the top to the bottom on the copper tube. The Fe-based amorphous powders filled in the copper tube were compressed instantaneously to form a dense rod alloy.
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Results and Discussion.
The XRD patterns of the original powder and explosively compacted sample are shown in Figure 4 . It is notable that the XRD patterns of the original powder and the sample showed the typical amorphous diffuse peaks without sharp crystal diffraction peaks, which indicated that the rod-shaped sample still presented as amorphous after explosive consolidation. Subsequently to analysis, the main reason is that due to the transient nature of the loading of the powders and due to the concentration of the energy on the surface of the powder particles, the time that the surface temperature of the powder particles increased from room temperature to melting temperature during explosive consolidation is only microseconds. This implies that the surface of powder particles was instantaneously melted, and the generated high temperature was delayed in propagating inside the particle during explosive consolidation. This implies that the particle interior remained at a low temperature, being amorphous. The amorphous phase remained unchanged; simultaneously, the low temperature inside the powder particles could induce a cooling quenching effect on the instantly melted surfaces of the powder particles, thereby forming a dense bulk alloy. As a result, the structure of the rod-shaped alloy formed by explosive consolidation can still retain the amorphous phase consistent with powder. 
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The SEM images of the cross-section of the sample are shown in Figure 7 . It was observed that the particles were tightly pressed together and the quality of the interface between them was fine. Therefore, the amorphous inter-particles were tightly bonded and achieved a high-quality sintering to form a bulk alloy during the explosive consolidation process. Also, it is important to notice that only a few cracks were generated after the explosive consolidation, which cannot be totally avoided due to the characteristics of explosive consolidation. The SEM images of the cross-section of the sample are shown in Figure 7 . It was observed that the particles were tightly pressed together and the quality of the interface between them was fine. Therefore, the amorphous inter-particles were tightly bonded and achieved a high-quality sintering to form a bulk alloy during the explosive consolidation process. Also, it is important to notice that only a few cracks were generated after the explosive consolidation, which cannot be totally avoided due to the characteristics of explosive consolidation. According to the optical microscopy (OM) and SEM images, it could be observed that the powder particles sustained plastic deformation, interface melting and void closure under the conditions of high temperature and high pressure at the explosion. The alloy had a high degree of dense combination. The SEM images of the cross-section of the sample are shown in Figure 7 . It was observed that the particles were tightly pressed together and the quality of the interface between them was fine. Therefore, the amorphous inter-particles were tightly bonded and achieved a high-quality sintering to form a bulk alloy during the explosive consolidation process. Also, it is important to notice that only a few cracks were generated after the explosive consolidation, which cannot be totally avoided due to the characteristics of explosive consolidation. According to the optical microscopy (OM) and SEM images, it could be observed that the powder particles sustained plastic deformation, interface melting and void closure under the conditions of high temperature and high pressure at the explosion. The alloy had a high degree of dense combination. According to the optical microscopy (OM) and SEM images, it could be observed that the powder particles sustained plastic deformation, interface melting and void closure under the conditions of high temperature and high pressure at the explosion. The alloy had a high degree of dense combination.
The densities of original powder and samples by explosive consolidation are 7.18 g·cm −3 and 7.09 g·cm −3 , respectively. The density of sample reaches 98.7% of the density of the powder, indicating that the powder can reach a high-density alloy by explosive consolidation.
The micro-hardness test results of the three-section specimens are shown in Figure 8 . It could be observed that the average hardness values of the three sections (a), (b) and (c) of the rod alloy were basically the same, which indicated that the detonation of the explosive had reached the stable detonation velocity when the detonation of the explosive pushed to the top of the copper tube with powder. The minimum micro-hardness value was 1012 Hv, and the highest value was 1169 Hv, whereas the average hardness value was approximately 1069 Hv. The result demonstrated that like most Fe-based amorphous alloys, the rod alloy prepared by explosive consolidation has the excellent property of high hardness. According to the test results, the three sections had a common feature. When the micro-hardness of the specimen was near the center of the section, the hardness of the specimen changed in gradient. When the distance was 2 mm from the center, the micro-hardness of the specimen tended to be gentle and the hardness of the sample was basically unchanged. The main reason for this changed hardness of the sample was that during explosive consolidation, the surfaces of the powders were quickly heated and melted and then rapidly solidified, but the internal phase of the powders maintained at a low temperature. This is the reason that the amorphous phase structure of the sample remained unchanged and the hardness was still essentially similar to the conventional Fe-based amorphous alloys.
When the micro-hardness of the specimen was near the center of the section, the hardness of the specimen changed in gradient. When the distance was 2 mm from the center, the micro-hardness of the specimen tended to be gentle and the hardness of the sample was basically unchanged. The main reason for this changed hardness of the sample was that during explosive consolidation, the surfaces of the powders were quickly heated and melted and then rapidly solidified, but the internal phase of the powders maintained at a low temperature. This is the reason that the amorphous phase structure of the sample remained unchanged and the hardness was still essentially similar to the conventional Fe-based amorphous alloys.
The main reason for the gradient change of micro-hardness near the center of the section was that the center of the powder was a slowly melting and cooling area. In the process of explosive compaction, the powder particles in the center area had a smaller compaction distance than the powder particles in the edge area, and the power particles in the center area had less energy produced by friction between particles. The powder in the edge region was detonated first, so the powder in the center area had less energy than the powder in the edge area, and the powder in the center area was melted slowly. Also, compared with the edge area, the cooling rate of the center area was slower, which will affect the crystalline phase of the alloy to some extent, and the amorphous degree of the edge part of the alloy was better than that of the center part. This is the reason that the micro-hardness of the alloy decreased slowly from the edge to the center. 
Conclusions
A dense bulk Fe-based amorphous alloy rod with a diameter of 8.8 mm was successfully prepared by explosive consolidation. Compared to the methods using rapid solidification, explosive consolidation can easily prepare larger size amorphous alloys and take a wider application prospect in the functional material field.
The average micro-hardness of the rod-shaped samples reached 1069 Hv, which indicated the samples had good mechanical properties. In addition, according to the micro-hardness changes from the edge to the center of the cross-section of samples, the change rules was also discovered: The The main reason for the gradient change of micro-hardness near the center of the section was that the center of the powder was a slowly melting and cooling area. In the process of explosive compaction, the powder particles in the center area had a smaller compaction distance than the powder particles in the edge area, and the power particles in the center area had less energy produced by friction between particles. The powder in the edge region was detonated first, so the powder in the center area had less energy than the powder in the edge area, and the powder in the center area was melted slowly. Also, compared with the edge area, the cooling rate of the center area was slower, which will affect the crystalline phase of the alloy to some extent, and the amorphous degree of the edge part of the alloy was better than that of the center part. This is the reason that the micro-hardness of the alloy decreased slowly from the edge to the center.
The average micro-hardness of the rod-shaped samples reached 1069 Hv, which indicated the samples had good mechanical properties. In addition, according to the micro-hardness changes from the edge to the center of the cross-section of samples, the change rules was also discovered: The micro-hardness from the edge to the center of the cross-section of samples changed gradiently and the trend of reduce change was slow.
